Objectives-The primary aims were to investigate the incidence of leukaemia and non-Hodgkin's lymphoma in children resident near seven nuclear sites in Scotland and to determine whether there was any evidence of a gradient in risk with distance of residence from a nuclear site. A secondary aim was to assess the power of statistical tests for increased risk of disease near a point source when applied in the context of census data for Scotland. Methods-The study data set comprised 1287 cases of leukaemia and nonHodgkin's lymphoma diagnosed in children aged under 15 years in the period 1968-93, validated In 1986, Heasman and colleagues' reported a higher than expected incidence of leukaemia in children and young adults near the Dounreay nuclear reprocessing plant in Caithness, Scotland. This led to a detailed investigation by the Committee on Medical Aspects of Radiation in the Environment (COMARE).' The committee's original intention had been to study all nuclear sites in Scotland but, because of public and professional concern about the findings of high incidence of leukaemia in young people near both Dounreay and Sellafield,' the only two nuclear reprocessing facilities in the United Kingdom, it was decided to concentrate on further investigation of the population living near Dounreay. A case-control study, which examined several risk factors for leukaemia, and a cohort study which compared incidence of leukaemia and other cancers in children born locally with children who attended school in the area but were born elsewhere, were carried out.4' The local incidence of leukaemia and non-Hodgkin's lymphoma have recently been re-evaluated.6 There continue to be more cases observed than expected in children and young people living in the vicinity of Dounreay, but no specific local factor which could explain the excess has been identified.
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Results-More cases were observed (0) than expected (E) Conclusions-There was no evidence of a generally increased risk of childhood leukaemia and non-Hodgkin's lymphoma around nuclear sites in Scotland, nor any evidence of a trend of decreasing risk with distance from any of the sites. There was a significant excess risk in the zone around Dounreay, which was only partially accounted for by the sociodemographic characteristics of the area. The statistical power of tests for localised increased risk of disease around a point source should be assessed in each new setting in which they are applied.
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In 1986, Heasman and colleagues' reported a higher than expected incidence of leukaemia in children and young adults near the Dounreay nuclear reprocessing plant in Caithness, Scotland. This led to a detailed investigation by the Committee on Medical Aspects of Radiation in the Environment (COMARE) .' The committee's original intention had been to study all nuclear sites in Scotland but, because of public and professional concern about the findings of high incidence of leukaemia in young people near both Dounreay and Sellafield,' the only two nuclear reprocessing facilities in the United Kingdom, it was decided to concentrate on further investigation of the population living near Dounreay. A case-control study, which examined several risk factors for leukaemia, and a cohort study which compared incidence of leukaemia and other cancers in children born locally with children who attended school in the area but were born elsewhere, were carried out.4' The local incidence of leukaemia and non-Hodgkin's lymphoma have recently been re-evaluated.6 There continue to be more cases observed than expected in children and young people living in the vicinity of Dounreay, but no specific local factor which could explain the excess has been identified.
Cancer incidence and mortality in the areas near nuclear sites other than Dounreay and Sellafield in the United Kingdom have been investigated.7 12 A study of nuclear installations in England and Wales found a 15% increase in mortality from leukaemia in those under 25 years of age in districts near to nuclear sites. 9 This contrasts with the up to 10-fold excesses in incidence reported in the areas around Sellafield and Dounreay."3 The only previous study of nuclear sites in Scotland provided site specific rather than aggregated results.7 As well as a significant excess of cases in the vicinity of Dounreay, this study reported excesses within 12 5 km of Hunterston nuclear power generating station in 1974-84, within 12 5 km of Chapelcross electricity generating plant in 1979-84, and within 6-25 km of Rosyth nuclear submarine refitting dockyard in 1974-8, although only the Rosyth result was significant. This study, along with others from the same period, was criticised for the use of fixed geographical and temporal boundaries which might enhance or obscure locally high incidence.'4 15 Since then, methodological developments have resulted in a class of statistical tests which may be applied to areas For each site, a study zone was constructed from the 1981 enumeration districts with a population centroid within 25 km. This radius accords with previous studies of Dounreay2 6 7 and nuclear sites in England and Wales. ' Distance from point source (km)
Distance from point source (km) 18 the Poisson maximum test,'7 a variant of this based on the minimum P value," and the ratio of observed to expected cases. Our intention was to provide a basis on which to select the "best" general test for raised risk of disease in the vicinity of a point source. We, To aid in the interpretation of the results of the analysis we assessed the power of the unconditional maximum likelihood ratio test and conditional linear risk score when applied to the dataset of leukaemia and non-hodgkin's lymphoma. Dounreay and Hunterston were selected to represent nuclear facilities in sparsely and more densely populated areas. As in the evaluation study, the null distributions and critical values of the two tests were determined from simulations of the null hypothesis. The three patterns of monotonic decreasing risk with distance (models A-C) were simulated. The power of the unconditional maximum likelihood ratio and conditional linear risk score tests was estimated from the proportions of these simulations that exceeded the appropriate critical values for Dounreay and Hunterston. Table 3 shows the estimated statistical power of the unconditional maximum likelihood ratio test to detect patterns of excess risk when applied to the study zones around Hunterston and Dounreay. For Hunterston, the test has high power to detect all three risk patterns. When applied to Dounreay, the power ranges from 39% (model C) to 94% (model D). Table 3 also shows the power estimates for the conditional linear risk score test. For both nuclear sites, the power to detect any of the trends of diminishing risk with distance was low. Table 4 shows the total observed and expected numbers of cases of leukaemia and nonHodgkin's lymphoma, the O/E ratios with 95% CIs, and the levels of significance of the unconditional maximum likelihood ratio and conditional linear risk score tests for the seven Scottish nuclear sites.
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POWER OF THE MAXIMUM LIKELIHOOD RATIO AND LINEAR RISK SCORE TESTS IN THE ANALYSIS OF LEUKAEMIA AND NON-HODGKIN'S LYMPHOMA AROUND SCOTTISH NUCLEAR SITES
RESULTS OF THE ANALYSIS OF LEUKAEMIA AND NON-HODGKIN'S LYMPHOMA AROUND SCOTTISH NUCLEAR SITES
Nuclear reprocessing plant: Dounreay Nine cases were observed in the study zone compared with 4 53 expected (O/E 1 99). The unconditional maximum likelihood ratio test for a general excess of risk in the 25 km study zone around the site yielded a significant result (P = 0-030). The result of the conditional linear risk score test for a trend of diminishing risk with distance from the site was not significant (P = 0 356). Figure 3A shows the distribution of the population aged under 15, averaged over 1968-93, with distance from the Dounreay plant. Most of the population is concentrated within 11 to 14 km from the site. The cumulative observed and expected numbers of cases with distance are depicted in figure 3B . The cumulative observed number of cases exceeds that expected from a distance of 6 km from the site to the perimeter of the study zone. tion of the data. In this study, we used statistical tests in which the selection of the geographical boundaries is embodied in the method and controlled for in the assessment of significance. The categorization of the data was conservative and determined before the analysis. The 25 km radius for the definition of the study zone was chosen to accord with previous studies.2 6 7 12 Moreover, for tests designed to detect highly localised effects, it has been suggested that the overall size of the study region is not important.'7 As no strong prior hypotheses regarding periods of exposure to risk factors existed, we analysed data for the entire period for which reliable information was available . Before 1968 in Scotland only invalidated, and unpostcoded, childhood cancer registration data and cancer mortality records are available, neither of which are appropriate for small area studies. All of the nuclear sites, with the exception of Torness, started operations before the start of the study period. Torness began generating electricity in 1989 and all of the nine cases observed were diagnosed before this date. Roman and coworkers have reported an excess of cases concentrated in children aged under 5 years resident near the atomic weapons establishments of Aldermaston and Burghfield.' However, most United Kingdom studies of childhood cancer in the vicinity of nuclear installations have considered the complete 0-14 age group.26927 Because of this, and the few cases around some sites in Scotland, we did not conduct age specific analyses within the childhood age range 0-14 years. A pooled analysis of all nuclear sites was considered inappropriate because of the few sites in Scotland, the heterogeneity of their operations, and the extreme variation in the population density around the sites.
Our analysis was preceded by an evaluation of the statistical power of several uncondi- tional tests to detect localised increased risk of disease when applied to data aggregated at the level of the enumeration districts. We simulated four patterns of increased risk associated with distance from a point source. Although it must be acknowledged that the estimated power of the tests would have differed if other risk models had been considered, those chosen were based on estimates of relative risks which have been reported near Dounreay and Sellafield.'3 The most powerful test against the range of alternative hypotheses was found to be Stone's maximum likelihood ratio. The test also seemed to be sensitive to a non-monotonic pattern of increased risk (model D). This suggested that it would be the best general test of excess risk within a 25 km study zone, even when there is no trend of diminishing risk with distance from the point source.
The most important conclusion from our evaluation exercise was that the power of the tests is highly dependent on the population characteristics of the area under study. Although it is likely that the population density is the most influential of these characteristics, the distribution of the population, the number of units of analysis (enumeration districts in our study), and the overall expected number of cases are also likely to be important. For example, the estimates of the power of the unconditional maximum likelihood ratio test with respect to childhood leukaemia and non-Hodgkin's lymphoma around Dounreay and Hunterston (table 3) are higher than those obtained in the initial evaluation exercise (table 2) . This is, in part, because the overall number of cases of leukaemia and nonHodgkin's lymphoma (n = 1287) was greater than the total cases in the evaluation exercise dataset (n = 494) and hence, the expected number in any study zone would be larger. The effect of these factors on the power of this class of statistical tests requires further study. When considering a point source situated in a densely populated area it is likely that any one of several tests may be applied with confidence. However, if the point source is located in a sparsely populated zone the choice of test is more difficult. In studies of several point sources, the advantage, in terms of power, in choosing one particular test may be heavily outweighed by the variations in power due to differences in the populations near the point sources. Thus, it can be concluded that, although it may be possible to choose a best general test, evaluations of statistical power are required in each new setting in which a test is applied.
No evidence of a general increased incidence of childhood leukaemia and nonHodgkin's lymphoma was found near nuclear sites in Scotland. Of the sites other than Dounreay, only Chapelcross and Rosyth had more observed cases than expected after adjustment for age, sex, Carstairs' deprivation score, and urban-rural status. However, the excesses around Chapelcross and Rosyth were modest (8% and 2%, respectively) and the results of the unconditional maximum likelihood ratio test were not significant. unconditional maximum likelihood ratio test yielded a significant result (P = 0-030) providing evidence of an increased risk across the study zone around the site. The result of the conditional linear risk score test for a trend of decreasing risk with distance from the site, however, was not significant (P = 0 356). The main (maximum likelihood ratio) result arose despite estimated maximum power of 55% (a = 0 05) to detect a relative risk of 3-0 near the plant. Although no evidence of a trend of diminishing risk with distance from Dounreay was found, the power of the test to detect this was very low (26% for 10-fold increased risk at the site followed by exponential decline, a = 0 05). This is likely to be due to a combination of the small population units used in the test (enumeration districts), the sparse population around the site, and its uneven distribution ( figure 3A) . Few people live within 11 km of the plant and cases are most likely to arise in Thurso, the main town, situated about 12 km from Dounreay.
Several studies have suggested that increased incidence of childhood leukaemia is related to high social class in parents. 28 This, in conjunction with conditions of rural isolation, may confer increased risk of the most common form of leukaemia, acute lymphoblastic leukaemia, in very young children through immunological isolation in infancy and subsequent late exposure to an infectious agent before the appearance of leukaemia.2930 In common with other parts of north east Scotland, the Dounreay area is isolated and has a population of relatively high socioeconomic status. In contrast with our earlier reports, in this study attempts were made to control for socioeconomic and urban-rural status when calculating the expected number of cases in the Dounreay study zone. This resulted in an increase in the expected numbers of 14% in comparison with adjustment for age and sex only. Therefore, the excess incidence near Dounreay is partially accounted for by the sociodemographic characteristics of the area. However, after adjustment for these characteristics the excess remains significant and would not lead to a modified conclusion from this study compared with earlier studies.' 2 67 Adjustments made with routinely collected data may not be adequate if, as suggested by Kinlen et 
